Recently, the self-assembly property of nonionic surfactants has been utilized to create vesicles as alternatives to liposomes. The aims of the present study were to investigate the impact of cholesterol on niosome bilayer properties and to evaluate niosome solubilization by Triton X-100 (TR) in the presence and absence of cholesterol. Niosomes were prepared using Span 80 and Tween 80 with or without cholesterol, and several structural studies were done. We compared both types of niosomes in their rigidity, permeability, surface tension, thermal properties, toxicity profile, and solubilization by the addition of several aliquots of TR. Efforts to achieve solubilizing parameters are also discussed. Our results indicate that cholesterol in niosomes increases membrane stability, decreases the fluidity of the membrane and also alters membrane permeability. Additionally, the solubilization process is illustrated by a three-stage model, in which the vesicle-to-micelle transition for niosomes is induced by the stepwise addition of TR. We show that cholesterol-containing niosomes need a higher amount of TR concentration for solubilization. To our best knowledge, this is the first report on niosome solubilization with TR. The results revealed the similarity of niosomal to liposomal systems, and we hope this encourages researchers to design more solubilization and protein reconstitution studies with niosomes.
Introduction
Nowadays, vesicular systems have become very important tools in biochemical and pharmaceutical applications. These vesicular bilayers are lamellar structures containing amphiphilic molecules that entrap an aqueous compartment 1 and might be employed in the delivery of hydrophilic (encapsulated in the interior hydrophilic compartment) and hydrophobic (encapsulated in the lipid layer) drugs.
1 Virosomal vaccine and protein insertion into the vesicle bilayer are other vesicle applications that can occur in a reconstitution procedure.
2 Thus, it can be considered that one of the potent approaches to characterize the functionality of integral proteins is their reconstitution into the phospholipid vesicles, and it is important to note that the biological activity of the integral protein must remain high enough.
3,4
The membrane proteins can insert into liposomes through various ways. In this regard, four key approaches can be found according to previous studies, including mechanical means, freeze-thawing, organic solvents, and detergent-mediated insertion. However, the rst three methods have technical limitations, and the most common approach is introducing detergent to the liposome bilayer. 3, 5 The biological membrane solubilization caused by detergents is an important process in the biochemical and biophysical studies on the insertion of puried protein in a bilayer membrane, 4, 6 and a lot of studies have suggested techniques to remove the detergents aer protein reconstitution, involving dialysis, column chromatography or incubation with detergent-adsorbing beads.
7
Solubilization of phospholipid vesicles by detergents has been considered to occur in three general stages. At low detergent concentrations, the detergent partitions into the vesicle structure. When the vesicle bilayer becomes saturated with detergent, the system undergoes a structural transition from vesicular structure to mixed micelles. As detergent concentrations are further increased, vesicles become fully solubilized by the detergent. 8 It is well known that some parameters, such as temperature, pressure, lipid concentration and lipid composition, inuence the solubilization process.
9,10 Among these factors, lipid composition is one of the most important issues. In biological membranes, cholesterol, as the main sterol, has a signicant role in the physical features of the lipid bilayers.
11 Furthermore, it should be mentioned that the physical status of the bilayers can affect vesicular solubilization.
12
The orientations of the 3b-hydroxyl and hydrophobic groups of cholesterol are, respectively, toward the polar and nonpolar head group regions of the phospholipid bilayer, affecting the formation of intermolecular hydrogen bonds. 13 Previous reports indicate that cholesterol can alter membrane properties, and the amount of detergent needed for membrane solubilization can be changed by cholesterol, as well.
14-19
Due to the short stability and cost-effective production of liposomes, nding an alternative vesicular system with similar properties to liposomes is a greatly interesting eld. 20, 21 Niosomes or nonionic surfactant-based vesicles form from the selfassembly of amphiphiles in the aqueous solution, which leads to the formation of closed bilayer structures. These structures can encapsulate aqueous solutes and serve as drug carriers, as analogous to liposomes. 21 The physical characteristics of these vesicles are the same as liposomes; in addition, their preparation method is identical and their unilamellar or multilamellar structures are similar to liposomes. Although the rst application of niosomes was in the cosmetic industry, 22 the low cost, better stability, and easy storage of the nonionic surfactants led to the utilization of these compounds as an alternative to phospholipid-containing vesicles.
23
Subsequently, a large number of niosome applications in drug delivery, gene delivery, and vaccine design have been assessed. 23 Hence, characterization of the niosome bilayer is crucial for expanded application of niosomes. To our best knowledge, there has been no investigation on niosome solubilization with TR and detergent removal to date.
Therefore, to nd a good alternative for liposome applications, we planned to study some biophysical properties of the unsaturated niosome bilayer with or without cholesterol. Although there are several reports on saturated and unsaturated liposome solubilization, 24, 25 we lack detailed knowledge on the solubilization of niosome bilayers. Therefore, in the next section, we aimed to study the solubilization of niosomes (with or without cholesterol) by the addition of increasing amounts of TR, using a similar process called a three-stage model previously reported. 3, 26 Finally, detergent removal from the mixed micelle vesicle and vesicle re-formation were investigated.
Materials and methods

Materials
The cell line was obtained from Pasteur Institute of Iran (Tehran, Iran). Sorbitan monooleate (Span 80), polyoxyethylene sorbitan monooleate (Tween 80), cholesterol, Triton X-100 and thiazolyl blue tetrazolium blue (MTT) powder were purchased from Sigma-Aldrich (Steinheim, Germany). Nile red (NR) was provided by Santa Cruz Biotechnology (Santa Cruz, CA, USA), and calcein, cobalt chloride, fetal bovine serum (FBS), and Dulbecco's Modied Eagle's Medium (DMEM) culture media were obtained from Thermo Scientic (Carlsbad, CA, USA). All other materials were taken from available sources with the highest purity.
Niosome preparation
Nonionic surfactant mixtures consisting of Span 80 and Tween 80 with or without cholesterol were used to prepare niosomes by a thin lm hydration (TFH) method, at specied ratios as summarized in Table 1 . In brief, surfactants and cholesterol were dissolved in chloroform (50 mg ml À1 ). The specic lipid compositions were then transferred to a 5 ml round-bottom ask. A rotary evaporator apparatus was used under negative pressure to evaporate the solvent and subsequently form the thin lipid lm. The formed lm was hydrated with 1 ml of 3-morpholinopropane-1-sulfonic acid (MOPS) (10 mM, pH 7.4).
27,28
2.3. Biophysical membrane experiments 2.3.1. Membrane rigidity. Although Nile red (NR) dye has low uorescence intensity in a polar environment, it emits a strong signal when incorporated into hydrophobic membranes. The value of the uorescence intensity indicates the degree of membrane rigidity. This property was used to measure the rigidity of the ST80 and ST80CH niosome bilayers. Likewise, NR maximum emission shi was considered as another marker for membrane rigidity. Fluorescence intensity was measured aer the addition of 0.4 mg ml À1 NR. The measurements were recorded at 25 C using a Cary Eclipse uorescence spectrophotometer (Varian, Palo Alto, CA). The excitation wavelength was 550 nm, and emission was monitored between 560-700 nm. NR emission in MOPS buffer was considered as a background uorescence signal. 29, 30 2.3.2. Surface tension measurements. Niosomes were prepared as described earlier, and surface tension of ST80 and ST80CH niosomes was measured by the Du Noüy ring method using a Krüss Tensiometer (Model K100, Germany) at 25 C. Ten measurements were done for each formulation, and mean AE SD is reported. 2.3.3. Differential scanning calorimetry (DSC). Thermal behaviors of unsaturated niosomes with or without cholesterol were monitored using the PerkinElmer Pyris 6 differential scanning calorimeter (PerkinElmer, USA). The heating run was performed from À40
C to 250 C with a heating rate of 5 C min À1 . The temperature at the peak maximum was considered as the phase transition temperature. 2.3.4. Niosome bilayer permeability. Membrane permeabilization of niosomes was evaluated using a leakage assay as described previously by Kendall et al. 32 Briey, the calceincobalt complex with low uorescent signal was encapsulated into niosomes. As calcein-cobalt leaks from the niosomes, the external EDTA binds cobalt, and free calcein uorescence increases. Fluorescence was monitored using a Fluorolog 3 (Horiba-JobinYvon) uorimeter under continuous stirring at 25 C. Measurements were taken for 6 h at specic intervals.
Bioactivity membrane experiments
2.4.1. Niosome cytotoxicity. The HEK 293T cell line was cultured in DMEM medium with 10% FBS and 1% antibiotic (Pen-Strep). Cells were seeded in 96-well plates and incubated in a CO 2 incubator at 37 C. Different unsaturated niosomes (with or without cholesterol) at various concentrations were prepared and evaluated for their toxicity to cells by performing the MTT assay. The MTT assay was conducted essentially as in our previous study. Preformed and presized niosome suspensions were mixed with increasing amounts of the TR solutions. Final niosome concentrations were 1, 2, 5 and 10 mM. Aer each aliquot reached a steady state, the vesicles and detergent were le at room temperature (RT) for 1 h to equilibrate, and the solubilization was monitored by the changes in turbidity. 35 Differences were measured as absorbance at 540 nm in a Cary 500 UV-VIS-NIR spectrophotometer (Varian, Australia). The detergent-to-lipid ratio at the greatest saturation (R sat e ) and total solubilization points (R sol e ) were determined by the slopes of two phase boundary straight lines. These phase boundaries can be detected using light scattering measurements. D 2.5.3. Removal of Triton X-100 with Bio-Beads SM-2. BioBeads SM-2 preparation was done according to the previous report.
2 For detergent removal, four aliquots of wet Bio-Beads SM-2 were added at certain intervals. Bio-Beads SM-2 was removed from the solution by ltration using disposable polyprep columns, and the reconstituted niosomes were collected by centrifugation (30 min at 23 000g).
2,5 2.6. Vesicle-to-micelle transition 2.6.1. Assessment of niosome solubilization by dynamic light scattering. Niosome solubilization by TR was monitored by dynamic light scattering (DLS) as described by Xu and London. 17 SPL method was used to analyze the size changes during TR addition. Each sample was measured in triplicate using the VASCO™ size particle analyzer (Cordouan, France). The size measurements are reported as mean AE SD (n ¼ 3).
2.6.2. Assessment of niosome solubilization by uores-cence intensity. Based on the previous report, NR is a useful probe to determine the vesicle-to-micelle transition.
39 According to our preliminary experiments, a methanolic stock solution of NR (2.5 mM) was used and was added to a 0. 25 2.7. Micelle-to-vesicle transition 2.7.1. Scanning electron microscopy (SEM) analysis. ST80 and ST80CH niosomes were solubilized by TR and then treated with Bio-Beads to remove TR. Another niosome solution without solubilization was sent to the SEM lab and considered as a control group. The morphology of niosomes was observed by SEM (KYKY SEM China; EM-3200).
TR tracing by gas chromatography-mass spectrometry (GC-MS).
To conrm complete TR removal, GC-MS (Agilent Technologies, Carian Saturn 2000, USA) was carried out. The detergent was detected according to the method previously described by Poss et al. 41 The GC-MS analysis was performed using a Varian Saturn 2000/HP5973 GC-MS system (Agilent Technologies, Santa Clara, CA, USA).
Data analysis
Statistical analysis was done using Student's T test or one-way analysis of variance (ANOVA), followed by Tukey post hoc test using SPSS 16 soware. P values < 0.05 were considered signicant.
Results and discussion
Niosome formation
The formation of vesicular structures related to ST80 and ST80CH niosomes was conrmed by light microscope to give qualitative data (not shown) concerning the size and shape of the niosomes. The details of niosome formulations are summarized in Table 1 . Niosomes were prepared successfully using both formulations.
Membrane rigidity, surface tension, DSC and bilayer permeability results
It is well known that the rigidity of the membrane inuences the uorescence emission of many lipid dyes. Principally, in a polar environment, the uorescence intensity of NR is low, but incorporation into hydrophobic cell membranes leads to strong emission, guiding us toward measurement of the membrane integrity in niosome membrane. 30 To test the rigidity difference between ST80 and ST80CH vesicles, we measured the uores-cence intensity of NR. According to our results and based on Kucherak et al.'s study, 30 ST80 and ST80CH niosomes were in Ld phase, but there were differences in their uidity maximum emission and their uorescence intensity. Binding of the NR dye to ST80 and ST80CH niosomes caused an about 160-fold and 125-fold increase in NR uorescence intensity compared to NR in the buffer, respectively. The uorescence intensity in ST80 compared to ST80CH was lower, showing a difference in their membrane rigidity (Fig. 1a) . The maximum NR emission is presented in Fig. 1b 
Span 80 and Tween 80 have very low transition temperatures due to the unsaturated double bonds in their oleate side chains. Thus, a high leakage is predictable for cholesterol-free niosomes. We evaluated leakage by calcein-cobalt assay. According to Fig. 1c , cholesterol-free niosomes had signicant leakage compared to cholesterol-containing niosomes (P < 0.05). Incorporation of cholesterol caused a more ordered membrane and decreased the leakage. The leakage of ST80CH vesicles at 25 C was four-fold lower than that of ST80 niosomes, revealing that incorporation of cholesterol into the niosomes leads to the lower amount of vesicle leakage. Decreases in leakage occur through the formation of hydrogen bonds between the hydroxyl groups of cholesterol and the oxygen at the ester groups, or with the other functional oxygen groups of Span 80, thus enhancing the stability of the bilayer. 16 It has been previously reported that including cholesterol in liposomes decreased the leakage of encapsulated content.
16,43
To nd the maximal stability and niosome functionality, surface tension of the niosome should be estimated. The surface tension of niosomes is related to the surfactant and cholesterol content, and our results revealed that cholesterol insertion in the niosome bilayer decreases surface tension (Fig. 1d) . 44 The surface tension difference between ST80 and ST80CH was found signicant (P < 0.05). As Azarbayjani et al. and also Vargha-Butler et al. have reported, a decrease in the surface tension value with increasing cholesterol content indicates that the surface of the bilayer becomes less hydrophilic, which leads to increased membrane integrity.
44,45
A useful technique to study the impact of cholesterol on the phase transition of vesicles is DSC.
19,42,46 Fig. 1e depicts DSC results that are in good agreement with those of previous reports on liposome 47 and niosome 42 as a function of cholesterol content. In our results, a broadening and decreasing in enthalpy was observed in ST80CH niosome bilayers. In addition to the decrease in enthalpy, the ST80CH vesicles exhibited a phase transition temperature shi ($3 C) to lower temperatures as cholesterol was incorporated in the bilayer (Fig. 1f) .
The interaction of cholesterol with the single-chain nonionic surfactants and its impact on the gel-to-liquid crystalline transition of the niosomes was studied with the help of DSC. An order-disorder transformation (phase transition) occurs in the alkyl chains of the nonionic surfactant with increasing phase transition temperature (T m ). 48 During this process, some variations can be seen in the bilayer properties such as permeability and uidity. 49 The alkyl chains that are uid originally are highly permeable to small molecules above their gel-to-liquid crystalline transition temperature. 42 The temperature, lipid composition, and presence of other components such as cholesterol can affect the gel-to-liquid crystalline phase transition. A previous study has shown that the inclusion of cholesterol > 30 mole% abolished the gel-to-liquid transition of niosomes. 50 Our results are in agreement with the results of cholesterol insertion in liposomes and niosomes. Fig. 2b shows the relative hemolysis (%) induced by the ST80 and ST80CH niosomes. As can be seen, in all cases, the hemolysis induced by vesicles was at low levels. TR-induced hemolysis was considered as 100% hemolysis, and MOPS as 0% hemolysis. As shown in Fig. 2a , cytotoxicity assays were performed using HEK293 cell line. The cytotoxic effects of niosomes increased with the higher concentration of niosomes. Another nding was that cholesterol addition reduced hemolysis and cytotoxicity. This difference was found signicant at P < 0.05. Unfortunately, there are not an adequate number of niosome toxicity studies in the published literature, especially on the impact of cholesterol on cell viability. However, toxicity of ether and ester-type surfactants toxicity has been surveyed previously. 51 Hoand and colleagues have revealed through cellular toxicity studies that niosomes composed of ester-type surfactants (Spans and Tweens) are less toxic than ether-type ones (Brijs). This might be related to the enzymatic degradation of ester bonds. 51 In another study, Span 80 was found to have the least hemolytic activity among other sorbitan esters. 52 Hoand et al. found that the cholesterol content of the bilayers do not affect cell proliferation. 51 However, in the present study, we showed that insertion of cholesterol in vesicles can signi-cantly decrease the cytotoxic and hemolytic effects of the vesicles.
Niosome cytotoxicity and hemolysis
Niosome solubilization and vesicle reconstitution
The solubilizing parameters are given in Table 2 , and phase boundaries are depicted in Fig. 3 . Results show that cholesterol increases the coexistence region that is related to increased R sat e and, especially, R sol e values. The three stages of detergent niosome solubilization are depicted as changes in turbidity measurements on LUVs (large unilamellar vesicles) with increasing TR concentrations. The representative solubilization process for a single niosome and turbidity changes with TR addition during solubilization are illustrated in Fig. 4a and b, respectively. In stage I, a low concentration of detergent results in less incorporation in the membrane bilayer, without causing any substantial alteration in the vesicle structure. Higher detergent concentration and insertion of the detergent into the bilayer lead to initial swelling of the niosomes. Thus, in this solubilization step, the turbidity of ST80 and ST80CH vesicles increased due to the incorporation of TR into the niosome bilayer membrane. Increased detergent concentration resulted in bilayer saturation and, consequently, mixed micelle formations (stage II in Fig. 4a ). The maximum absorbance stays constant until R sat e is reached (at 0.29 and 0.57 for ST80 and ST80CH, respectively), and TR concentrations corresponding to R sat e (D sat t ) are 3.2 mM and 6.6 mM for ST80 and ST80CH, respectively. Further detergent addition caused more mixed micelle formation, indicated by the decrease in absorbance during the turbidity measurements. This decrease in the optical density reached a minimum at R sol e , which marks the onset of solubilization (at 0.51 and 1.31 for ST80 and ST80CH, respectively, stage III in Fig. 4a ). TR concentrations corresponding to R 
Vesicle-to-micelle transition
For solubilization with TR, a substantial transition from vesicle to micelle was tracked by NR probe. In ST80 niosomes, the maximum emission wavelength (l) of NR changed from 627 nm for a vesicular niosome to 629 nm for the micellar form (Fig. 5a) . In ST80CH vesicles, the maximum emission shi was greater than that of ST80 and changed from 616 nm for a niosome bilayer to 620 nm for micellar form (Fig. 5b) . It has been proven that in the micelles, some water will penetrate between the hydrophilic head groups of the surfactant molecules, causing a higher l max emission of NR. In contrast, in a bilayer, the surfactant molecules are better packed, and water is more tightly excluded from the interface, reected by a lower NR l max .
39
Moreover, both ST80 and ST80CH niosomes were solubilized completely by TR (ST80CH results are shown in Fig. 5c ). The changes in the niosome size were evaluated for each TR addition by DLS (Fig. 5d) . Niosome vesicles enlarged to a certain value, and then the diameter of vesicles gradually decreased. Moreover, when the TR concentration exceeded about 3 mM (point 3), a new peak in the size distribution (45 nm) was observed that is related to the formation of surfactant-detergent mixed micelles. Continuously increasing detergent concentrations led to a progressive increase of this new peak and a decrease in the initial peak. Accordingly, from points 3 to 8, the size of small and large particles slightly rose and fell, respectively.
For each lipid composition, the phase boundary diagram included three regions. One area corresponds to all the surfactants in the bilayer form (vesicles). Another region is related to all the lipids in the form of surfactant-detergent mixed micelles. These two regions are separated by a third area named coexistence region, in which both the bilayers and mixed micelles are found. As mentioned in above, we displayed that cholesterol increases the coexistence region, and this nding conrms the effect of cholesterol on niosomal membrane solubilization. Some researchers have shown that cholesterol affects the amount of detergent required to solubilize unsaturated PC-based liposomes. For instance, Schnitzer et al. revealed that addition of cholesterol to unsaturated phospholipidcontaining vesicles increases the resistance of the bilayer to TR solubilization. 14 
Micelle-to-vesicle transition
Size homogeneity and unilamellarity of reconstituted vesicles are two well-known properties of re-formed vesicles that are related to the nature of detergent. It has been reported that re-formed vesicles (liposomes) by Bio-Beads are 150-200 nm in size. Our re-formed niosome sizes were in good agreement with previous reports 53, 54 and had size homogeneity. Another set of data included in our study was the size changes in reconstituted niosomes (changes were not statistically signicant). Aer detergent removal, niosomes had a size growth similar to that reported previously in liposome system (Fig. 6a-c) . 55 Although in other detergent removal methods (dialysis, gel chromatography, and dilution), size growth is related to residual detergent in the membrane, it is commonly believed that in Bio-Beads -mediated detergent removal, the growth is due to a fusion of the vesicles containing a large amount of detergent, as has previously been reported. 56 Although there are various methods for detergent removal, including dialysis, gel chromatography, dilution and hydrophobic adsorption onto polystyrene beads (Bio-Beads SM-2), adsorption on Bio-Beads SM2 has been demonstrated to be the most efficient method. 57 The rst three methods are mostly limited to the use of detergents with a high CMC, such as n-octylb-D-glucoside (OG); detergents with low CMC (like TR), which form larger micelles compared to OG, are not easily removed by dialysis, gel chromatography, or dilution but can be efficiently removed through adsorption on Bio-Beads SM-2 resins. 57 A previous study has revealed that Bio-Beads can remove TR completely. 57 In the GC-MS experiments, we showed that BioBeads SM-2 could remove TR completely from the niosome solution, and there is no detectable signal related to TR in the corresponding chromatogram. The GC-MS results are reported in Fig. 6d . In spite of several advantages of Bio-Beads, they should be removed aer application from the vesicle suspension. Lipid loss is another drawback of Bio-Beads usage. It has been shown that adding the beads in several aliquots could reduce the rate of lipid absorption by Bio-Beads, which will reduce lipid loss.
58 Thus, to obtain efficient reconstitution and reduce the lipid loss, the amount of Bio-Beads should be adjusted exactly. 53 
Conclusions
Although niosomes are more economically and chemically stable alternatives to liposomes, there are several membrane features that are unknown for niosomes. Based on our results, the following outcomes are proposed: (1) cholesterol incorporation in niosomes increases the rigidity of the membrane and decreases the permeability, leading to the increased bilayer stability. (2) Cholesterol could change the surface tension and gel-to-liquid crystalline phase transition temperature. (3) Cholesterol incorporation can decrease the cytotoxic and hemolytic effects of niosomes. (4) The niosomes with or without cholesterol could be solubilized completely with TR. However, cholesterol changes the solubilizing parameters and increases the amount of TR required for solubilization. (5) TR could be removed aer solubilization from niosomes, and the vesicles could re-form successfully. These ndings introduce a new niosome bilayer application for protein reconstitution, vaccine design, smart targeting, and, niosome bilayer characterization purposes.
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